In 1999, the eastern coastline of the Marmara region (Turkey) witnessed increased seismic activity on the North Anatolian Fault (NAF) system with two damaging earthquakes (M7.4
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INTRODUCTION
The Marmara region houses one-third of Turkey's population and is one of the most tectonically active regions in Eurasia. In the last century, this region ( Fig. 1 ) experienced unusual seismic activity with nine strong events having M ≥ 7.0 (M = moment magnitude). In 1999, two destructive earthquakes (Kocaeli and Düzce) occurred in the eastern part of the Marmara region on the North Anatolian Fault (NAF) system. This strike-slip fault system cuts across northern Turkey for more than 1200 km and accommodates 25 mm/year right-lateral slip between Anatolia and the Eurasian plate (Straub et al. 1997; McClusky et al. 2000) . Since 1939, the NAF system has produced nine large earthquakes in a consistently westward-propagating sequence (Fig. 2) ; the only exception is the most-recent large earthquake (Düzce) that occurred east of the second most-recent earthquake (Kocaeli). This pattern of earthquake propagation was recognized long ago (Ketin 1969; Ambraseys 1970; Barka 1992; Stein et al. 1997 ).
The Kocaeli earthquake (M7.4) is the most recent event that occurred on the south of the eastern border of Istanbul province, which is located in the heart of the Marmara region. Today, this most-populated city in Europe is under threat of much-publicized forecasted earthquakes.
Two fault systems located south and southeast of Istanbul (Yalova fault segment and the Northern boundary fault) have the potential to rupture (Parsons et al. 2000; Hubert-Ferrari et al. 2000) . Based on a renewal model, the probability of occurrence of M7.0 and greater earthquakes in the Marmara region which could directly influence the Istanbul metropolitan area was computed as 44±18% in the next 30 years (Parsons 2004 ). As implied by the level of seismic risk, critical assessment of the regional seismic hazard is of paramount importance to facilitate and support a wide range of earthquake engineering applications.
The current regulatory seismic zoning map of Turkey, including the Marmara region, was developed using a Bayesian estimation based on the then available earthquake catalog and ground motion prediction equations (GMPEs) originally developed from western U.S. ground motion data (Gülkan et al. 1993 ). This choice was dictated by the paucity of strong-motion records in the country at the time. In the past 15 years, a number of strong-motion records have Ulusay et al. 2004 ). In addition, tracing of new fault segments beneath the Marmara Sea has helped better understanding of the seismotectonic environment of the Marmara basin (Le Pichon et al. 2001 , 2003 Armijo et al. 2002 Armijo et al. , 2005 .
Seismic hazard of the Marmara region has been studied previously (Atakan et al. 2002; Erdik et al. 2004 ). These studies are based on broadly described fault segments under the Marmara Sea and non-indigenous GMPEs from the 1990s. In our study, the regional seismic hazard is re-assessed by considering detailed submarine faults and using the latest generation of
GMPEs. The next generation of attenuation (NGA) relations (Campbell and Bozorgnia 2008; Boore and Atkinson 2008; Chiou and Youngs 2008) are used in addition to the GMPE of Kalkan and Gülkan, developed based on data from shallow crustal tectonic environment of Turkey. The weight assigned to the local GMPE is set equal to total weight of the NGA relations.
In computing the probabilistic seismic hazard, we include two different earthquake source models ([1] smoothed-gridded seismicity model and [2] fault model) similar to those used in the development of the 2008 USGS National Seismic Hazard Maps (Petersen et al. 2008 ). The first model assumes that historical large earthquakes have in general taken place in locations where epicenters of smaller earthquakes have accumulated (Kafka and Walcott 1998; Kafka 2002 ). This model is based on the earthquake catalog and characterizes the hazard from earthquakes between M4.0 -6.5. The faults contribute to the hazard for earthquakes larger than M6.5. The hazard calculation is the sum of the smoothed-gridded seismicity model (for M≤6.5) and the fault model (for M>6.5).
Seismic hazard of Marmara is computed and projected on a set of hazard maps. These hazard maps show the PGA and spectral accelerations (SA) at 0.2 and 1.0 sec on uniform firm rock site condition (V S30 = 760 m/sec). In the interest of completeness, site amplification maps are also provided to estimate the ground motion at stiff-soil (V S30 = 360 m/sec) and soft-soil (V S30 = 180 m/sec) sites. These acceleration levels were computed for 2% and 10% probabilities of exceedance in 50 years corresponding to return periods of about 2475 and 475 years, respectively. The seismic hazard exposures in the vicinity of Istanbul metropolitan area are also examined, and a series of hazard curves and smooth design spectra for three site categories are provided.
REGIONAL TECTONIC SETTING
For the purpose of this study, the Marmara region is defined as the rectangular area bounded by latitudes 39 -43 N and longitudes of 26 -32 E. The area is one of the most tectonically active regions of Turkey as evidenced by the number of large earthquakes (M ≥ 6.0) that have occurred between 1509 and 1999 ( Fig. 1) . Many of these events were M ≥ 7.0 and generated on or in proximity of the NAF system. Moderate to large earthquakes with M ≥ 6.0 have also occurred on fault segments situated well away from the NAF. Figure 3 The Marmara region has a complex and heterogeneous fault system as shown in Figure 4 .
The 1200 km long NAF fault system extends from the east of the region towards the Bay of Izmit. In the east at the junction of the Marmara Sea, NAF system is controlled by right-lateral strike-slip faults, while the plate boundary changes into a transtensional system that has opened a deep-basin below the Marmara Sea (Okay et al. 2000) . There is no evidence of a single, continuous, purely strike-slip fault under the Marmara Sea, but a complex segmented fault system with large normal components. This fault system has been identified from seismic reflection surveys (Smith et al. 1995; Parke et al. 2000) . In the past a series of strong earthquakes has ruptured the NAF zone in this region. Kocaeli and Düzce were the latest events in a westward-propagating earthquake sequence that began with the M7.9 Erzincan earthquake in 1939 on this fault system. This progression has since generated nine M≥7 earthquakes. When the 1912 event that occurred in the west of the Marmara Sea is taken into account, a seismic gap that has not ruptured for more than 200 years is identified (Fig. 2) . This crosses close to the northern shoreline of the Marmara Sea (Barka 1992; Stein et al. 1997) . This seismic gap is around 150-160 km long and possesses the potential to generate a M>7.0 earthquake (Hubert-Ferrari et al. 2000) . Coulomb stress calculations indicate that shear stress increased in the aftermath of the 1999 Kocaeli earthquake on the fault segments below the sea, which may indicate their likely impact on the rupture potential (Parsons et al. 2000) .
The measured slip vectors in the Anatolian Plate with respect to the stable Eurasia exhibit a generally anticlockwise rotation and an increase in total displacement towards the west caused by the increasing westward pull of the Hellenic subduction system located southwest of Turkey (McClusky et al. 2000) . This dynamic structure pushes the Marmara region in a northerly path.
The NAF system within the Marmara region can account for 22±3 mm/yr right-lateral slip (Straub et al. 1997; McClusky et al. 2000) . On the basis of Le Pichon et al. (2001), we assigned 23 mm/yr slip-rate to major faults below the Marmara Sea; for the rest of the fault segments, the slip-rate distribution from GPS measurements given in Straub et al. (1997) were used. The sliprate distributions assigned to fault segments agree with tectonic (Motagh et al. 2007; Aksoy et al. 2006; Seeber et al. 2004; Yaltirak 2002; McClusky et al. 2000; Barka and Kadinsky -Cade 1988) and kinematic simulation-based (Pulido et al. 2004 ) studies.
GENERAL METHODOLOGY
Based on our current state of knowledge about the seismicity and tectonic environment of the Marmara basin, regional probabilistic seismic hazard analysis (PSHA) is performed using two different classes of earthquake source models: (1) a smoothed-gridded seismicity model, and (2) a fault model. The first model is based on the earthquake catalog and characterizes the hazard from earthquakes between M4.0 -6.5. The faults contribute to the hazard for earthquakes larger than M6.5. As a recurrence forecasting process, the Poisson equation (time independent) is used to estimate the probability of exceedance over finite time interval.
Earthquake Catalog
The earthquake catalog includes events from historical and instrumental seismicity. The magnitude, epicenter coordinates and depth of all events with M ≥ 6.0 are listed in Table 1 (boxes in this 
In compiling the catalog of events, fore-and after-shocks were removed using the declustering methodology (Gardner and Knopoff 1974) 
Earthquake Recurrence
For the computation of smoothed-gridded seismicity, a catalog having discrete independent earthquakes was associated with the Gutenberg-Richter (G-R) earthquake recurrence relation:
where N is the annual number of earthquakes of magnitude equal to or greater than M. 10 a is the mean yearly number of earthquakes of magnitude greater than or equal to zero, and b describes the relative likelihood of large and small earthquakes. As the number of larger magnitude earthquakes decreases compared to those of smaller magnitudes, the b value increases.
For the Marmara region, the 100-yr-long data set is more complete for small events compared to the 2000-yr-long data set and yields b=0.60; whereas the 2000-yr-long data set results in a lower b value and consequently assigns higher mean rate of transcendence for larger events (Ambraseys 2002) . A b=0.69 for the same region considering the 100-yr-long earthquake catalog with M ≥ 5.5 events is reported by Crowley and Bommer (2006) . For the entire Marmara region, the b value was estimated as 0.72 using maximum likelihood method (Weichert 1980) based on the 103-year catalog; this method accounts for variable completeness. No uncertainty associated with the b value was considered since the single b value calculated herein is in good agreement with the values reported in previous studies. Thereafter, a values were computed for each cell and spatially smoothed over a grid of 0.05 x 0.05 in latitude and longitude using a two-dimensional Gaussian filters with a decay of 50 km. Such a fine grid resulted in hazard computations at about 9600 grid sites.
Source Models

Smoothed-Gridded Seismicity Model
The contribution of background events to hazard is calculated using the smoothed-gridded seismicity model (Frankel 1995; Kafka 2002) . This model addresses the aleatoric uncertainty in the location of future earthquakes, thus allowing spatially stationary seismicity while eliminating the subjectivity in delineation of areal sources. This seismicity model requires a declustered earthquake catalog for computation of Poissonian earthquake recurrence rates. In this model, of exceeding ground motion u 0 at a specific site is determined from a sum over distance and magnitude (Frankel 1995) :
where k is the index for the distance bin and l is the index for the magnitude bin; T is the time in years of the earthquake catalog used to determine N k . The first factor in the summation is the annual rate of earthquakes in the distance bin k and magnitude bin l.
probability that u at the site will exceed u 0 , for an earthquake at distance D k with magnitude M l (D k is fixed for each bin). This probability is dependent on the attenuation relation and the standard deviation (variability) of the ground motion for any specific distance and magnitude.
For this model, values are computed from the magnitude 4.0 and larger earthquakes since 1901.
Segmented Fault Source Model
This model is based on the assumption that large earthquakes occurring in small areas are likely to belong to the same seismogenic fault or a homogenous system of faults. This implies that the seismicity is concentrated on fault planes. In order to utilize the contribution of the fault sources to regional seismic hazard, four aspects of each source are examined. These are (a) style-offaulting; (b) location and orientation; (c) slip-rate; and (d) maximum magnitude earthquake expected (Petersen et al. 2000) . All faults that were included in the evaluation are judged with confidence as active faults, with reported slip rates greater than or equal to 10 mm/year; other active faults having slip rates less than 10 mm/yr were not included. For the faults below the Marmara Sea, we used fault segmentation data from Le Pichon et al. (2003) and Armijo et al. (2005) . The remainder of the faults was taken from the active fault map of Turkey (Saroglu et al. 1992) , with the caveat that this map is in the process of being updated. As shown in Figure 6 , the region's complex fault system is modeled with 48 fault segments and each is assumed to rupture independently. The properties of each fault segment are tabulated in Table 2 .
Final Manuscript | B u l l e t i n o f S e i s m o l o g i c a l S o c i e t y o f A m e r i c a 31 | P a g e For non-vertical faults, dip angle is an important parameter to determine the average fault depth and the projected distance on the grid to be used in the GMPEs. Since down-dip width and depth data for each fault are not available to accurately determine the actual subsurface source geometry, some of the planar sources were approximated as linear sources (i.e., 90 dip is assumed for strike-slip faults). Also, 10 km depth is assigned to those faults where reliable depth information is not available. Also listed in Table 2 are the approximate slip-rates broadly described from GPS measurements because only three fault segments-Izmit, Düzce and Ganos-were studied in detail by paleoseismological methods to be able to assess the long-term slip-rates. Most of the faults that are labeled active are mainly mapped on the basis of the morphological studies and with simple spatial correlations with recent known earthquakes. These issues will remain as constraints on the results presented until more reliable data on the subsurface geometry and slip rates for faults become available.
In interpreting our fault segmentation model in Figure 6 , which primarily relies on seismotectonic studies along with recurrence and locations of historical events, it should be emphasized that geometry and recurrence are not totally independent of each other. If a fault is modeled with several small segments instead of fewer large segments, the maximum magnitude will be lower, and a given slip-rate will require many more small earthquakes to accommodate a cumulative seismic moment.
For the segmented fault source model, available historical and instrumented data are not sufficient to determine whether the G-R model or characteristic earthquake (CE) model or hybrid model (Youngs and Coppersmith 1985) is more appropriate. Therefore, two different models (G-R and CE) were placed within the logic tree with equal weights. In the CE model, each of the fault segments considered is assumed to be capable of rupturing independently and producing the maximum magnitude earthquake (M max ) based on fault length and potential rupture depth (Aki 1983; Schwartz and Coppersmith 1984) . It should be noted that M max denotes the "maximum characteristic" magnitude. M max for each fault segment is computed through empirical relations (Wells and Coppersmith 1994) and cross-checked with the "neighborhood" historical events. To account for the uncertainties in M max values, M max is allowed to "float" along each fault segment in three limits as M max -, M max , M max + and  is the dispersion in statistical modeling of M max and taken as 0.3 on the basis of Wells and Coppersmith (1994) .
For the faults, we used the following seismic moment formula to find the activity rate of the characteristic event, i.e., number of earthquake per year or reciprocal of its recurrence interval from 
where M 0 ' is the moment rate and S is the slip-rate. The seismic moment can be obtained through moment magnitude, M from the relation given by Hanks and Kanamori (1979) :
By rewriting Eq. (7), we obtain seismic moment as
and the activity rate of earthquakes above a minimum magnitude, M min from min 0
On the basis of these formulas, the activity rate for each fault segment was computed and is listed in Table 2 .
The G-R model requires computation of a value for each fault segment, therefore buffer zones with radius of 10-15 km were introduced around each fault segment, and events within each zone were counted. If one event was counted for one buffer zone, it was not included in any other zone(s) although it might fall within their radius.
Ground motion-Prediction Equations
In the post-1999 period, many ground motion records were recorded in Turkey. These new data were combined with the existing national ground motion library to develop a GMPE to be used 
Logic Tree
The logic tree constructed for hazard computations is shown in Figure 8 . For smoothed seismicity model, the tree has 12 branches. For the fault source model, the three has 24 branches.
The weight assigned to the local GMPE is set equal to total weight of the three NGA relations.
All relative weights are subjective and based on what we consider to be defensible judgment.
SEISMIC HAZARD RESULTS
The seismic hazard is computed for PGA and SA ordinates at 0.2 sec and 1.0 sec for the uniform firm rock site condition (V S30 = 760 m/sec). The 0.2 sec and 1.0 sec spectral periods are selected because they are frequently used to construct a smooth design spectrum; an appropriate procedure to obtain a smooth design spectrum from a uniform hazard spectrum is given in the FEMA-356 guidelines (ASCE 2000) . Seismic hazard for the Marmara region was computed for two ground motion levels having 2% and 10% probabilities of exceedance in 50 years and corresponding to return periods of about 2475 (annual probability of exceedance = 0.000404) and 475 years (annual probability of exceedance = 0.0021), respectively. Figures 9-11 render the mean seismic hazard computed for PGA, SA at 0.2 sec, and SA at 1.0 sec for 2% and 10%
probability levels. The distribution of PGA and SA ordinates, shown by the color gradient, indicates a broader scattering of higher acceleration values toward the south and east of the Marmara region. For the 2475, year return period, the maximum PGA (Fig. 9 ) at a uniform firm rock site is computed as 1.5g; PGA diminishes to 0.8g when the return period is set to 475 years. NGA relations yield site amplification factors less than unity; therefore combination of four GMPE within the logic tree results in "no site amplification" around the major fault lines. The same applies for SA at 0.2 sec. However, for SA at 1.0 sec, NGA relations yield amplification factors greater than unity, thus soft-soil sites around the major fault lines are expected to experience a minimum 1.6 times higher ground motion as compared to the uniform firm rock sites considering 2% probability of exceedance in 50 years. In general, nonlinearity phenomena result in a shift of the energy to longer response periods. Comparisons of Figures 12 and 13 show that site amplification factors computed for 10% probability of exceedance level are higher than those for 2% probability of exceedance level because nonlinearity is more pronounced for higher PGA and spectral acceleration values at 2% probability of exceedance level. Note that about 20% deamplification is predicted by NGA formulas at higher frequencies such as 0.2s for softsoil compared to rock when ground motions are high.
SEISMIC HAZARD OF THE ISTANBUL METROPOLITAN AREA
The northern segments of the Marmara Sea faults are about 10-15 km from the southern coastline of Istanbul proper (Fig. 4) , while two-thirds of the city remains within 20-30 km radius of fault segments F29 and F30 (Fig. 6 ). These fault segments when ruptured independently have the potential to generate an event with magnitude greater than 7 (see Table 2 conditions. For distances close to faults, design spectrum may be constructed as the lower spectral values computed from a deterministic-based approach (where a characteristic event dominates the hazard) and probability-based approach; for farther distances the probabilisticbased approach may govern the design spectrum. A suite of deterministic-based design spectra have been already developed for Turkey (Kalkan and Gülkan 2004) .
CONCLUSIONS
This paper presents a re-assessment of the seismic hazard in the Marmara region on the basis of recent findings on sea bottom surveys and enhanced ground motion library from recent national events. All potential sources of seismic activity that might contribute to ground motions were identified and characterized by examining geologic, tectonic, historic and instrumental evidence.
The methodology applied here is similar to that used in the development of the most recent U.S.
seismic hazard maps. Two models of seismic sources were combined and employed with different GMPEs for the assessment of hazard quantified in terms of peak ground acceleration and spectral accelerations at 0.2 sec, and 1.0 sec with 2% and 10% probability of exceedance in 50 years. Confident of time-dependent models is inevitably hampered by short-term completeness of the earthquake catalog and as a result temporal occurrence of earthquakes was assumed to be Poissonian; because of that our model represents an upper bound compared to time-dependent models. Hazard maps were computed for generic rock site conditions; for soil and soft-soil sites, a set of amplification maps are provided.
The reliability of the hazard analyses conducted here depends primarily on precision with which uncertainty in magnitude, epicenter, recurrence, fault segmentation, and their cross-effects can be identified and characterized. For instance, the maximum magnitude at each fault segment was estimated from the fault length and approximate slip-rates. In order to account for the associated uncertainties, maximum magnitude is allowed to "float" along each fault segment.
This treatment results in enhanced hazard level especially for long return periods (e.g., 2475-year), while its influence remains marginal for short return periods (e.g., 475-year). The uncertainty in recurrence is also a factor because of the many big events in the 1999-present period. We have ignored the faults with less than 10 mm/yr average slip. In addition, we did not model faults as unsegmented as another branch in the logic tree. Considering them in PSHA may increase the hazard in the region.
Results in this study show that for the 475-year return period, PGA may reach at as much as 0.4g level in the southern areas of Istanbul and the Yalova region and 0.5g level around the shoreline to the west of the metropolitan area at a closest distance of about 10 km to the active Marmara Sea faults. PGA increases to the 0.8g level at much closer distances near the fault segments. In the Istanbul downtown area, the average PGA is expected to measure at 0.4g for 10% probability of exceedance in the next 50 years. Our analyses for the Istanbul metropolitan area lack very fine grid-spacing, and the results presented herein are intended to give a general perspective on the anticipated level of shaking.
The principal differences of the study described here and the previous studies focused on the Marmara region (e.g., Atakan et al. 2002; Erdik et al. 2004) are that the GMPE developed from indigenous sources has been given preponderance in the weighting. The characteristics attributed to the seismogenic sources and use of NGA relations are also major improvements.
The new maps (Figures 9-11 ) generally show 10% to 15% increase for PGA, 0.2 sec, and 1.0 sec spectral acceleration across much of Marmara compared to previous regional hazard maps.
The seismic hazard maps provided here are intended to shed some light on future assessments of risk to structures in the defined Marmara region and, we hope, serve as a reminder to improve design and construction practices to minimize losses of life and property.
DATA AND RESOURCES
Digital data of hazard curves for the entire Marmara region including the Istanbul metropolitan area and hazard maps presented herein can be viewed in color and downloaded from www.erolkalkan.com/Marmara_Research. Seismic hazard maps are also integrated with the 3D-Earth model at www.erolkalkan.com/MIM to provide an interactive interface. Parke, J.R., Minshull, T.A., Anderson, G.et al. et al. (1999) . Active faults in the Marmara Sea, western Turkey, imaged by seismic reflection profiles, Terra Nova, 11, 223-227. Table-1 for epicenter coordinates, magnitude and depth of earthquakes. Table 2 Table-1 Table 2 for fault names and their activity rates). 
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